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Horizontal directional
drilling (HDD)Abstract Sustainability is very quickly becoming a fundamental requirement of the construction
industry as it delivers its projects; whether buildings or infrastructures. Throughout more than two
decades, a plethora of modeling schemes, evaluation tools and rating systems have been introduced
en route to realizing sustainable construction. Many of these, however, lack consensus on evaluation
criteria, a robust scientiﬁc model that captures the logic behind their sustainability performance eval-
uation, and therefore experience discrepancies between rated results and actual performance.
Moreover, very few of the evaluation tools available satisfactorily address infrastructure projects.
This paper introduces a systems model that abstracts the environment, the construction product,
and its production system as three interacting systems that basically exchange materials, energy
and information. The model utilizes this setup to capture and quantify essential ﬂows exchanged
between such three systems, with the objective of evaluating sustainability. The paper walks through
the development of a generic case of the model, and then demonstrates its utility in evaluating the sus-
tainability performance of civil infrastructure projects using a typical water pipeline installation pro-
ject that uses horizontal directional drilling (HDD) technology as a trenchless installation method.
The developed model addresses an identiﬁed gap within the current body of knowledge by consid-
ering infrastructure projects. Through the ability to simulate different scenarios, the model enables
identifying which activities, products, and processes impact the environment more, and hence poten-
tial areas for optimization and improvement.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Housing and Building
National Research Center. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/)., http://
2 M. Matar et al.Introduction
The construction industry has been identiﬁed to be responsible
for: (1) more than 30% of energy consumption in Organization
for Economic Cooperation and Development (OECD) coun-
tries, including the United States, the European Union,
Japan, and others, (2) 16% of freshwater withdrawals in the
United States and about 20% worldwide, and (3) about 33%
of global greenhouse gas emissions, just to name a few [1].
These environmental loadings and impacts have put great pres-
sure on the construction industry to shift from traditional to
sustainable construction. Accordingly, a body of knowledge
related to this area has begun to shape and gain momentum
during the last two decades [2]. Nevertheless, in spite of the rec-
ognized importance and the efforts exerted, sustainable con-
struction is not yet a standard practice of the industry. For
example, recent statistics estimate the total number of buildings
that were certiﬁed according to either the ‘‘Leadership in
Energy and Environmental Design’’ (LEED) certiﬁcation pro-
gram or the ‘‘Building Research Establishment Environmental
Assessment Methodology’’ (BREEAM) – being the most
famous sustainable building rating systems – at less than 1%
of buildings worldwide [3]. A number of published research
works identify a long list of technical and non-technical barriers
to sustainable construction implementation as a standard prac-
tice of the industry, including Ha¨kkinen and Belloni [4], Matar
et al. [5], Williams and Dair [6], Blair and Evans [7] and
Landman [8] among many others. The list of identiﬁed barriers
is truly long, but literature review reveals that the following
barriers are among the most commonly agreed upon and iden-
tiﬁed ones:
1. The higher initial cost and slow return on investment of
sustainable buildings.
2. The lack of training, education, and enough interest from
major industry stakeholders.
3. The ambiguity of sustainable construction practices to the
wide base of industry practitioners, especially when con-
trasted to the clear deﬁned codes and standards available
for most of the common construction disciplines and
activities.
4. The current characteristic fragmentation of construction
industry entities preventing or signiﬁcantly slowing down
the effective sharing and dissemination of knowledge.
5. The clatter, confusion and inefﬁciencies of current tools
and approaches to sustainable construction.
The last barrier in particular deserves further elaboration.
Logically, with the increasing alertness for the importance of
realizing sustainable construction, a huge number of tools
and approaches to sustainable construction have been devel-
oped. More than 600 sustainability assessment, evaluation
and rating systems have been developed worldwide, with eval-
uation criteria that range from 5 to over 170 [5,9]. Both the
large number of assessment tools and the lack of consensus
on evaluation criteria are potentially alarming. Furthermore,
wide discrepancies between assessment results during the plan-
ning and design phases, and the actual performance during
real life operation have been found. While energy performance
is very often cited as the most important sustainability indica-
tor, it was found to be the least realized [9,10].Please cite this article in press as: M. Matar et al., A systems engineering approach for
dx.doi.org/10.1016/j.hbrcj.2015.04.005Several reasons contribute to this situation of underperfor-
mance of sustainability assessment tools, including that they
were developed – in many cases – reactively in response to
appearing environmental pressures, using reductionism
approaches that typically handled single aspects of the prob-
lem [2,11,12]. To recognize environmental impacts and unsus-
tainable behaviors, however, there has to be a holistic model
that correctly captures the complete construction process and
its products and how they interact with the environment,
something that is usually missing from the current set of tools.
Finally, it is very notable that most of the available sustain-
ability assessment tools address buildings, while very few of
them address civil infrastructure projects [3]. Compared to reg-
ular buildings, civil infrastructure projects require much
greater amounts of difﬁcult planning, ﬁnancial investments,
engineering efforts, and resources of different natures.
Moreover, their sustainability impacts span wider areas for
potentially longer times. The need to assess the sustainability
of civil infrastructure projects is simply crucial.
This paper utilizes a holistic systems approach to develop a
systems model that shall permit identiﬁcation, understanding
and evaluation of sustainability parameters and impacts
related to civil infrastructure projects. The model represents
the following: (1) the environmental system, (2) the infrastruc-
ture system (the product), and (3) the infrastructure delivery
system (the production system) as three interacting systems
that basically exchange (1) energy, (2) matter, and in some
cases (3) information, according to systems theory. The
Systems Modeling Language (SysML) is utilized to depict
the systems; highlighting various system components, key
activities, and the ﬂow of resources during the execution of
these activities. The model is built along the principles of sys-
tems engineering and is demonstrated for a typical pipeline
project installed using horizontal directional drilling.
Current approaches to sustainable construction
During the last three decades, while sustainable construction
gradually came into focus and attention of different academic
and practicing entities and institutions of the industry, a large
number of tools that tackle the issue of realizing sustainability
in the construction sector have been introduced. Distinguishing
and categorizing these numerous types of tools and systems has
become increasingly difﬁcult as they have evolved into a myriad
of forms. This section focuses principally on sustainable con-
struction and green rating systems, in distinction from tools
related to energy simulation, performance evaluation, indoor
environmental quality assessments, and operation and mainte-
nance optimization, among many other unrelated but often
bundled together as ‘‘sustainable construction and green ratin
g/evaluation/assessment’’ tools. This brief overview shall con-
cisely look at tools for both buildings and infrastructure.
Sustainability evaluation tools that address buildings
The US General Services Administration (GSA) has twice
sponsored an extensive study, with results published in 2006
and 2012, to select and certify tools for its own use for evalu-
ating and certifying federal government buildings. That exten-
sive study has counted and evaluated more than 150 building
performance and sustainability evaluation tools. At the ﬁrstrealizing sustainability in infrastructure projects, HBRC Journal (2015), http://
A systems engineering approach 3screening, only 34 of these tools qualiﬁed as sufﬁciently compre-
hensive building evaluation tools covering multiple sustainability
criteria, adopting a ‘whole building’ approach and covering more
than one life cycle phase. At the second screening stage, only ﬁve
sustainable building rating systems scored positively on all of the
screening criteria. Those were the ‘‘Building Research
Establishment Environmental Assessment Methodology’’
(BREEAM), ‘‘Comprehensive Assessment System for Built
Environment Efﬁciency’’ (CASBEE), ‘‘Green Building Tool’’
(GBTool), Green Globes US and ‘‘Leadership in Energy and
Environmental Design’’ (LEED) [13]. In the second iteration of
the study, some 5 years from the ﬁrst round, the number of tools
increased to almost 170 but the number of tools that passed the
screening criteria decreased to three only. These were Green
Globes, LEED and the Living Building Challenge Tool [14].
Sustainability evaluation tools that address infrastructure
While more than 600 sustainability assessment tools currently
exist, most of these are primarily oriented toward buildings,
and do not direct sufﬁcient attention for infrastructure projects
that is proportional to their size relative to the total size of the
construction industry [3]. Review of literature reveals that the
list of generic tools that address civil infrastructure projects is
very short, topped by tools such as Envision, and the
‘‘Australian Green Infrastructure Council’’ (AGIC)
Sustainability Rating Tool v1.0. There is a number of cus-
tomized tools that evaluate particular types of civil infrastruc-
ture projects, such as highways, and metro systems, but these
are individual efforts that still lack global consensus [3,15].
Short critique on current sustainability evaluation tools
While a detailed critique on sustainability evaluation tools
deserves a complete dedicated effort, such as those done by
Jennings et al. [3] and Siew et al. [15], this section brieﬂy casts
light on the inefﬁciency of current tools. Considering that
LEED has met the screening criteria in both rounds of the
GSA research, and that it is among the most widespread green
building rating tools worldwide – if not the ﬁrst over all others,
it is worth mentioning that the US National Institute of
Standards and Technology (NIST) has previously conducted
research to evaluate LEED using meticulous life cycle analysis
(LCA) principles in order to assess its robustness and validity
as a correct sustainability assessment tool for the built environ-
ment. The research identiﬁed discrepancies in the calculation
method leading to disparities and inconsistencies of calculated
outcomes, in addition to unjustiﬁed setting of performance lim-
its, in a way that shakes the credibility of LEED credit scores.
The research proved that two incomparable projects with differ-
ent environmental impacts could realize the same LEED rating,
and hence creating an illusion that they have similar environ-
mental footprint – in contradiction to the truth of the matter
[16]. Similar studies evaluated the energy performance of a num-
ber of LEED certiﬁed buildings after their construction and
concluded that the number of LEED energy efﬁciency points
did not correlate with actual energy savings [9,10].
Moreover, Lee et al. [17] have investigated several infrastruc-
ture sustainability assessment systems that were developed for
infrastructure, and explored their applicability to a particular
type of infrastructure projects – transportation infrastructure.Please cite this article in press as: M. Matar et al., A systems engineering approach for
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ful, still suffered the same shortcomings of LEEDand other sim-
ilar sustainability assessment systems; principally that they are
not based on standardized and quantiﬁable performance met-
rics. This poses risk that achieving certiﬁcation or increasing
scores may become the primary goals, instead of contributing
solidly to realizing sustainability. Even the Envision Rating
System, being one of themost recent developments in infrastruc-
ture sustainability evaluation, was found to suffer high depen-
dency on qualitative judgment, too [17].
Notably, very few of the currently available sustainability
evaluation tools present a complete underlying model that sup-
ports an adopted evaluation approach and evaluation out-
comes. Matar et al. [18] have highlighted the lack of a clear
model as a potential reason for the consistent mismatching
between current tool-based predictions and actual sustainability
performance. Logically, if the model underlying the develop-
ment of any particular tool correctly captures different relation-
ships and interactions between the construction product
(building/infrastructure) and the environment, and provides
proper means for measurement and assessment, the evaluation
outcome should be very likely to reﬂect the true environmental
performance and impacts.Most rating and evaluation tools that
are currently available do not clearly prove that they utilize a
complete, robust model, but are typically aggregations of some
environmental performance related criteria [18,19].
A systems engineering approach to sustainable construction
There is a strong need for a well deﬁned approach that ade-
quately addresses critical areas of sustainability and environ-
mental performance of construction projects; particularly
infrastructure projects. The potential contribution of civil
infrastructure projects toward achieving sustainability in the
construction industry is at least equal to that of buildings, if
not more. The model proposed in this paper is developed along
the principles of systems engineering and analysis [20,21], and
is described using the syntax and semantics of the Systems
Modeling Language (SysML) [22]. Setting the evaluation of
sustainability and supporting its realization as prime objec-
tives, the model aims to:
 Adequately represent, but simplify, the breadth of complex-
ities of both the environmental system and the construction
product and production systems for both buildings and
infrastructure projects.
 Form the basis for common understanding, and therefore
integration between a wide range of stakeholders.
 Capitalize on the extreme power and opportunities enabled
by informatics, particularly in the current era where infor-
matics and information technology have inﬁltrated almost
every known human activity – including the construction
industry, though to lesser degrees.
 Have robust scientiﬁc bases while maintaining ease of use
by different industry stakeholders.
Systems model for sustainable constructionThe following sections incrementally deﬁne: (1) the environ-
mental system, (2) the construction (whether building or
infrastructure) product system (the product), and (3) therealizing sustainability in infrastructure projects, HBRC Journal (2015), http://
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tion system) as three interacting systems of systems. This
abstraction and breakdown as interacting systems shall facili-
tate the development of a System of Systems model for evalu-
ating sustainable construction as illustrated in this paper. Each
of these is an open system by nature, as a closed system has no
interaction across its boundaries [20,23]. According to modern
systems theory and laws of physics, these three open systems
utilize, exchange, and process only three fundamental types
of resources. These are: (1) energy, (2) matter, and in some
cases (3) information [23]. Each of these systems is described
using SysML notation and their interaction within a System
of Systems model is described afterward.
A system of systems model is crucial for the case of sustain-
able construction, because the ultimate objective is not to stop
using environmental resources as some people wrongly under-
stand going green or sustainable, but it is to consume resources
at a rate that neither overloads the environmental system nor
depletes its resources beyond the regeneration capacity – that
is: sustainable. This logically requires simultaneous optimiza-
tion for all of: the environment, the constructed facility (pro-
duct), and the construction system.
Environmental system of systems
A universal characteristic of virtually all systems of systems is
that they involve multiple participants with multiple objec-
tives. The Environmental System of Systems, abbreviated here-
inafter by ESoS is no exception. The ESoS refers to the natural
systems that provide, permit, and encourage the formation, the
development and the evolution of all other systems on planet
Earth [24]. The ESoS principally comprises four main systems.
According to Wasson [25], Jorgensen et al. [23] and Hipel et al.
[24], these are:
 The atmospheric system environment, representing the gas-
eous layer that extends from the surface of a planetary body
outward to some pre-deﬁned altitude.
 The lithospheric system environment, comprising the outer
crust layer of Earth, including continents, mountains,
islands, etc.; containing most of material resources.
 The hydrospheric system environment, consisting of all liq-
uid and solid water systems such as lakes, rivers, rain,
underground aquifers, and oceans.
 The biospheric system environment, deﬁned as the environ-
ment comprising all living organisms on Earth, including all
environments that are capable of supporting life above, on,
and beneath the Earth’s surface as well as the oceans. Thus,
the biosphere overlaps portions of the atmosphere, hydro-
sphere, and lithosphere.
In addition to these, a ﬁfth fundamental component is mod-
eled, which is energy. Energy is fundamental for all systems –
natural or manmade – to perform their roles and missions.
Moreover, at any particular location within the environ-
mental system, there are prevailing, ambient conditions that
represent the system state prior to any consumption, interfer-
ence, or release of new materials/elements. The systems model
captures the ambient conditions as a deﬁning system property.
Fig. 1 represents a block deﬁnition diagram (bdd) for the
Environmental system and its subsystems using SysML
notation.Please cite this article in press as: M. Matar et al., A systems engineering approach for
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Construction products generally comprise buildings and
infrastructures. Either of them could be visualized as a group
of independent but interacting systems. Typically, any con-
struction product principally comprises a structural system
that supports its entity, and might comprise other architec-
tural, mechanical, or electrical subsystems that ideally work
together in the manner required for the whole product to
perform its mission and deliver stakeholder requirements.
This setup could have some variations, but this is the
general case. For instance, one of the key functions of the
architectural system is to deﬁne the form. In the case of a
building, form includes deﬁnition of shape, spaces, and
boundaries. In the case of a pipeline, however, form includes
deﬁnition of horizontal and vertical alignments along the path
of a pipeline.
The following is further elaboration on the generic case of a
building, where the key systems that together deﬁne its shape,
utility, comfort, and environmental performance among many
other attributes and properties are:
 The architectural system deﬁnes the volumes, functions, and
aesthetical view of a building. The architectural system is
usually the lead system: designed at the very beginning
according to an owner’s brief and requirements, and sets
course and boundaries for other building systems.
 The structural system, which is fundamentally concerned
with the support and transfer of all building, loads to the
ground. The structural system primarily uses different tech-
niques and materials in speciﬁc skeletal arrangements to
achieve the primary functions of load bearing and transfer,
in addition to helping in providing building shape, and
functional objectives of other systems within the building.
 The mechanical systems in a building are designed to per-
form a variety of functions. They are responsible for ﬁre
protection, heating, ventilating, and cooling the indoor
environment as well as supplying freshwater and disposing
of wastewater.
 Electrical systems in buildings are primarily the electrical
power supply systems, and data/communications and signal
systems. Electrical systems include lighting, alarm systems,
distribution systems, acoustic and auxiliary systems.
Fig. 2 illustrates the general case for a construction product
in SysML notation. By SysML notation, the structural system
is represented as an elemental, compositional element, while
the other three systems might or might not exist according to
case. Buildings typically have all of the four subsystems, while
an underground pipeline might have only a structure (with
some electromechanical sensors in case of sophisticated pipeli-
nes). Although these systems might come into close interaction
as in the case of electrical and mechanical systems, and archi-
tectural and structural systems, they typically operate indepen-
dently to support the required function(s) throughout the life
span of the built facility.
To produce these systems at the construction/production
phase of a built facility life cycle, resources are consumed
and co-products are released to the environmental system of
systems. That product system, once constructed, and unless
deconstructed or destroyed shall continue operation, storing
materials obtained from the environmental system (e.g.realizing sustainability in infrastructure projects, HBRC Journal (2015), http://
Fig. 1 The environmental system of systems.
Fig. 2 The construction product system.
A systems engineering approach 5resources from the lithosphere or water from the hydrosphere),
in addition to embodied energy. Throughout its life cycle, such
system typically consumes more resources and energy, still
obtained from the environmental system during the operation
and maintenance phases. Finally, should this system becomes
disassembled or destroyed, the aforementioned storage of uti-
lized resources shall return to the environmental system; visu-
alized typically as waste or materials for reuse.
Construction/production system of systems
The third system of systems involved is the construction/pro-
duction system. The terminology ‘‘construction/production’’
is intentionally used as the visualization of construction as a
production process [26] has been proved to be useful and of sev-
eral applications in lean construction [27,28] and construction
process reengineering [29]. Any construction project is, in fact,
a series of conversion and ﬂow, value-adding and non-value-
adding activities that start from project inception and end by
operation through the operational life of a facility, and ﬁnally
by possible deconstruction. These conversion and ﬂow activi-
ties are necessary to convert resources and energy into the
desired construction product. The model for the production sys-
tem can be detailed to capture whatever level of detail and sub-
systems required; for instance, to include business systems with
their details or not. But for the purpose of this research and
paper, highlighting the engineering systems principally shall
sufﬁce. Examples of interacting subsystems of the construc-
tion/production system include, for instance the following:
 The business management system necessary for the manage-
ment and operation of any construction industry organiza-
tion and its project endeavors.Please cite this article in press as: M. Matar et al., A systems engineering approach for
dx.doi.org/10.1016/j.hbrcj.2015.04.005 The design management system responsible for the produc-
tion of the whole package of design drawings and speciﬁca-
tions for the built facility system of systems, including
architectural, structural, mechanical, and electrical systems.
 The project planning and management system principally
responsible for realizing project goals of scope, time, cost,
and quality.
 The construction system responsible for ﬁeld production of
a built facility system of systems.
 The facilities management system responsible for operating
and maintaining a built facility with all of its subsystems at
maximum efﬁciency.
Each of these systems operates to deliver its products and
goals at six levels of hierarchy, which are the organizational,
project, activity, operation, process, and work task levels [30].
At each of these levels, different executing entities make count-
less decision that eventually result in consuming resources and
delivering different products and co-products to the environ-
mental system of systems. Fig. 3 illustrates the general case
of the construction/production system in SysML notation,
focusing on the engineering part.
Using the system of systems model for sustainability evaluation
Previous sections of the paper have introduced the environ-
mental system, the construction product, and the construc-
tion/production system as three interacting systems of
systems. The environmental system – with all of its subsys-
tems – is the hosting system for the other two systems; actu-
ally for all manmade systems on Earth. Sustainability, as an
objective and focal point, pertains to preserving the environ-
mental system and minimizing – ideally preventing – damages
caused by overloading it by both undesired wastes and load-
ings, and by exceeding its capacity to regenerate depleted
resources.
Principles used in evaluation
There are some basic principles that govern the behavior of the
environmental system of systems [23] and hence are reﬂected
and built-in into the systems model. Of these, the following
two principles are fundamental to represent the interaction
of the construction industry at both the product and produc-
tion levels with the environmental system of systems (ESoS).
These two principles are:realizing sustainability in infrastructure projects, HBRC Journal (2015), http://
Fig. 3 Construction/production and management system.
6 M. Matar et al.1. All ecosystems are open systems embedded in an environ-
ment from which they receive energy-matter input and dis-
charge energy-matter output.
2. Mass and energy are conserved. This principle permits writ-
ing balance equations to track material and energy ﬂows
and conversions, where:Fig. 4 Essential system ﬂows.accumulation ¼ input output
To illustrate the utility of these principles in modeling for
sustainable construction, consider a simple example of a typi-
cal structural element such as a reinforced concrete footing. To
physically produce the footing, resources including energy and
materials are required. The construction/production system
procures these resources from the environmental system, and
produces the footing through conversion processes that com-
bine these materials and energy producing the footing. The fol-
lowing relations are all valid:
 For any material used, e.g. cement, both the material itself
and the required processing energy are exchanged between
the ESoS and the production system based on principle (1).
 Any difference between the quantity of materials calculated
at design, and that consumed at site to constitute the foot-
ing, is presumably consumed in non-value-adding co-
products or waste, based on principle (2). Hence the
amount of solid waste generated is calculated.
These two principles represent the governing principles for
all system ﬂows among the three interacting systems of sys-
tems. Fig. 4 represents an internal block diagram (ibd) that cap-
tures the essential, high level system ﬂows within the system of
systems model. The squares with arrows represent ﬂow ports
where the arrow direction represents the direction of ﬂow,
according to SysML notation.
Deﬁning sustainability within the systems model
By identifying system ﬂows, and according to the level of detail
modeled, the systems model allows quantifying environmental
loadings; deﬁned as the increase or decrease of speciﬁc materi-
als and constituents that alters the system state to a new state
other than the ‘‘best’’ or ‘‘normal’’ condition. For example, a
construction process that results in emissions and pollutants
to the atmosphere in a speciﬁc area does not harm the atmo-
sphere itself; it just changes the concentration of particles inPlease cite this article in press as: M. Matar et al., A systems engineering approach for
dx.doi.org/10.1016/j.hbrcj.2015.04.005that speciﬁc area. However, this change in concentration could
render air harmful for breathing, for example, or at least
decrease its quality.
A second important dimension of sustainability is identify-
ing the rates of both consumption of resources and generation
of waste. According to views of sensible sustainability [31],
resource consumption in itself should not represent a problem;
it is the rate of consumption of resources that is. If the rate of
consumption exceeds the rate of the environmental system
capacity to generate or substitute consumed resources and nat-
ural capital, then such resources/capital will simply be
depleted. Moreover, if the construction/production system
conversion processes were inefﬁcient, then the conversionrealizing sustainability in infrastructure projects, HBRC Journal (2015), http://
Fig. 5 Block deﬁnition diagram (bdd) for sustainability parameters.
A systems engineering approach 7processes will result in waste. Minimizing waste is one key
pillar of sustainable construction.
Sustainability parameters
Many of the currently available building rating systems and
sustainability evaluation tools show no clear basis for classify-
ing and categorizing environmental impacts considered, princi-
pally due to the lack of a clear underlying model on which they
should be built [18]. The systems-model, however, visualizes
the environment as a system of components and subsystems,
providing a logical way to classify and categorize environmen-
tal impacts and sustainability parameters according to the
exact subsystem they affect and are related to. Based on
Jorgensen et al. [23], Matar et al. [5], and Wang et al. [14],
Fig. 5 identiﬁes key sustainability parameters captured by
the systems model, allocated to their relevant subsystems of
the ESoS, in SysML notation. Quantitative values such as
noise levels and liquid efﬂuents generated can be captured in
their corresponding physical measurements, whereas qualita-
tive scores can still be computed and captured in the evalua-
tion process, such as social and cultural related impacts.
An infrastructure application: pipeline system installed by
horizontal directional drilling
Considering the case of a pipeline, the SoS model can
capably capture and evaluate the environmental impactsPlease cite this article in press as: M. Matar et al., A systems engineering approach for
dx.doi.org/10.1016/j.hbrcj.2015.04.005and sustainability of the pipeline itself as a construction
product using design data of pipeline length, diameter,
cross-section thickness, in addition to the selected material
properties in terms of embodied energy content, etc. This
section, however, demonstrates the value of the SoS model
during the construction phase, capturing the production
system – in this case, the pipeline laying/installation system,
its key activities, and the evaluation of its environmental
impacts.
Pipelines can be installed/laid by a wide range of installa-
tion technologies; including trenching (open-cut) and trench-
less ones. This section illustrates an example case of the SoS
model for a typical horizontal directional drilling project.
Horizontal directional drilling (HDD)
HDD is a trenchless installation method where a pipeline,
or sometimes a cable, is installed by drilling in a horizon-
tal, curved path under a barrier that needs to be crossed
by the pipeline or cable. Typical HDD system building
blocks are depicted by a block deﬁnition diagram in
Fig. 6.
According to Willoughby [32], the process principally
involves three key activities, which are: (1) a forward pass
where a drilled pilot hole is drilled from the entry to the exit
points, (2) a backward pass where a reamer device is pulled
back from the exit point to the start point to widen the alreadyrealizing sustainability in infrastructure projects, HBRC Journal (2015), http://
Fig. 6 Horizontal directional drilling (HDD) system components.
8 M. Matar et al.drilled path, and (3) ﬁnally a product pullback pass is executed
where a pipe or cable pulling device is attached to the product
to be installed from the exit point toward the entry point. It is
a necessary requirement that the pipeline or cable product is
stringed and assembled at the exit side to be pulled back from
the exit point toward the entry point. The frontline component
of an HDD system is the drill bit, which typically does the
actual drilling. The drill bit is connected to the HDD rig by
the drill string, which is made up of individual joints of pipe.
Fig. 7 illustrates the SysML activity diagram model for the
complete HDD activity.
Naturally, during the whole HDD process, consumption of
resources and generation of environmental loadings occur.
Fig. 8 captures main system ﬂows. It is worth mentioning that
most construction equipment nowadays comes with technical
data sheets listing the values for energy consumptions, noise pro-
duced, etc., thus facilitating environmental impact computations.Please cite this article in press as: M. Matar et al., A systems engineering approach for
dx.doi.org/10.1016/j.hbrcj.2015.04.005Performing SoS calculations
One of the increasingly occurring problems for HDD contrac-
tors is the safe disposal of drilling spoil and drilling ﬂuid. The
drilling ﬂuid is one critical element without which HDD oper-
ation cannot succeed. The drilling ﬂuid serves multiple pur-
poses, including preserving borehole integrity, transporting
drill cuttings to the surface through suspending them in the
ﬂuid stream, and providing sufﬁcient and critically necessary
lubrication throughout the whole HDD process, just to name
a few [32]. The drilling ﬂuid contains at least bentonite that is
mixed with water to develop the necessary drilling ﬂuid prop-
erties, and in several cases the ﬂuid contains polymers and
additives that develop speciﬁc properties of the drilling ﬂuid
according to the requirements of the job at hand. The disposal
of the drilling spoil and drilling ﬂuid can be very troublesome,
particularly in environmentally sensitive areas.realizing sustainability in infrastructure projects, HBRC Journal (2015), http://
Fig. 7 HDD activity diagram.
A systems engineering approach 9Fig. 9 demonstrates the systems model conﬁguration for
calculating drilling ﬂuid quantities used in a typical HDD
project. The identiﬁcation of these quantities facilitates quan-
tifying the total volume required, the amounts returned
through the system and the lost amounts that inﬁltrate
through soil and might cause potential damage to under-
ground aquifers or cause serious damage to the ecological
environment.
According to SysML notation, a constraint block diagram
stores the calculation methodology within the SoS model
repository. The equations used calculate the total drilling ﬂuid
volume required, which comprises the quantities required for
drilling, reaming and pullback [32]. The parametric diagram
in Fig. 9 illustrates the logic and the exact inputs and outputsPlease cite this article in press as: M. Matar et al., A systems engineering approach for
dx.doi.org/10.1016/j.hbrcj.2015.04.005necessary for such quantiﬁcations. This is particularly useful
for complex calculations and for automating the SoS model.
It is worth mentioning that the SysML language extremely
simpliﬁes the process of migration to a software based, fully
automated system.
Discussion
To this point, the paper has walked through the development
of the general case of a ‘‘System of Systems Model’’ for eval-
uating sustainability performance of a construction project,
comprising both a production system and a produced product.
Furthermore, the particular case of a pipeline installed by
Horizontal Directional Drilling (HDD) has beenrealizing sustainability in infrastructure projects, HBRC Journal (2015), http://
Fig. 8 Main system ﬂows during HDD operation.
10 M. Matar et al.demonstrated. Throughout the paper, the authors have
focused on the ‘‘less treaded ground’’; addressing a ‘‘non-
building’’ infrastructure project rather than one of the regular
‘‘building’’ projects that are usually considered, and addressing
the construction stage rather than the design stage which is
easier to tackle where most of the inputs and parameters are
handy at the drawing board. The objective was to demonstrate
the robustness of the systems model, and its applicability even
to difﬁcult and unaddressed situations. While traditional meth-
ods based on aggregating empirical guidelines and available
evaluation criteria deﬁnitely have their merits, and have
pushed ‘‘sustainability in construction’’ signiﬁcantly forward
through the past two decades, having a logical, well-
developed model has much more potential to push sustainable
construction forward even further.
Coupling systems engineering principles with the power
and ﬂexibility of SysML to produce different and hierarchical
views of the systems of interest and their interaction together
allowed identifying what exact subsystems of the environmen-
tal system are impacted by what exact elements of a construc-
tion product and its production system. Within the systems
model, tracking the ﬂow of undesirable materials will identify
what emits pollutants, their quantities as accurate as possible,
and hence means for minimization. Tracking the ﬂow of
energy and materials in general and using balance equations
will facilitate recognizing systems efﬁciencies and where
wastes are generated. The multidisciplinary nature of the sys-
tems model allows recognizing all subsystems of a construc-
tion product system together and hence help visualizing a
complete picture of sustainability performance of the con-
struction product as a whole and its construction/production
system.
In contrast to all other geometry based modeling tech-
niques, where material, energy and environmentalPlease cite this article in press as: M. Matar et al., A systems engineering approach for
dx.doi.org/10.1016/j.hbrcj.2015.04.005performance data in particular are captured as static values
(at best, and hence are evaluated on a case-by-case basis), a
systems model can accommodate geometry-based values –
especially if linked to a BIM database – and multidisciplinary
information simultaneously to allow dynamic, systems level
evaluation. The versatility of the model allows addressing sus-
tainability performance at different levels as desired. Systems
engineering and SysML can model systems at the top, system
level, all the way down to the activity and process levels. For
example, the model can address the consumption of energy
to construct a building’s foundations in total, or can address
a speciﬁc part of the process, such as excavation, for instance.
Once the logic is established, most types of construction indus-
try products could be modeled and evaluated; whether pipeli-
nes, highways, bridges, buildings of different natures, etc.
System engineering tools and SysML can capture activities,
requirements, ﬂows, different views, etc.
The merits of the systems model are numerous. The model
allows optimization and selection of better alternatives
through its ability to demonstrate different cases and scenar-
ios, and running simulations before committing to any activi-
ties on the ground. Simulating different scenarios should
enable better understanding by knowing which activities, prod-
ucts, and processes impact the environment more. Using
SysML – which is already developed based on UML used
for software development – enables smooth automation and
hence widespread utilization of the systems model. Finally,
the generic nature of the model, based only on rules of science
and logic, should enable its communicability and worldwide
utilization, rather than the current situation where different
countries adopt different tools based on ease, convenience,
marketability, etc. – factors that do not necessarily lead to
improving sustainability. The widespread use of LEED in spite
of all doubts and discrepancies is a sufﬁcient example [10,16].realizing sustainability in infrastructure projects, HBRC Journal (2015), http://
Fig. 9 Drilling ﬂuid volume calculations in a typical HDD system.
A systems engineering approach 11Conclusions and future work
A systems model has been developed that facilitates better
quantiﬁcation and capture of sustainability performance of
construction projects, using systems engineering concepts and
SysML notation. The model has been adapted in particular
to address a pronounced gap in evaluating sustainability ofPlease cite this article in press as: M. Matar et al., A systems engineering approach for
dx.doi.org/10.1016/j.hbrcj.2015.04.005infrastructure projects, and the paper demonstrated the partic-
ular case of a pipeline installed by horizontal directional dril-
ling (HDD). Future work, however, remains principally on
two fronts: (1) developing the system into complete automa-
tion to enhance the model usability by industry practitioners,
and (2) developing a context/location based environmental
benchmarking system because environmental limits andrealizing sustainability in infrastructure projects, HBRC Journal (2015), http://
12 M. Matar et al.thresholds shall logically differ from a polluted city that can-
not accept the least additional pollution (a brownﬁeld), and
a new greenﬁeld that can bear different thresholds of environ-
mental impacts for a calculated duration.
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